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Photonic  crystal  nanocavity  arrays 

H  aticeAltug  and  J  elena  Vuckwic 


Abstract 

We  recently  proposed  two-dimensional  coupled  photonic 
crystal  nanocavity  arrays  as  a  route  to  achieve  a  slow-group 
velocity  of  light  in  all  crystal  directions,  thereby  enabling 
numerous  applications  ranging  from  low-threshold  nonlin¬ 
ear  optics  to  improved  lasers.  In  this  article,  we  review  some 
of  our  recent  experimental  results  on  such  structures,  rang¬ 
ing  from  the  measurement  of  group  velocities  below  0.008c 
to  a  new  type  of  laser  composed  of  an  array  of  coherently  cou¬ 
pled  photonic  crystal  nanocavities.  We  show  that  such  lasers 
exhibit  a  high  differential  quantum  efficiency  and  output 
power,  together  with  a  low  threshold  power  comparable  to 
those  of  single  photonic  crystal  cavity  lasers.  The  measured 
laser  efficiency  increases  faster  than  the  lasing  threshold  with 
an  increase  in  the  number  of  coupled  cavities  and  enables 
singlemodelasing  with  output  powers  that  are  two  orders  of 
magnitude  higher  than  in  single  nanocavity  lasers. 

Introduction 

It  has  been  first  predicted  by  Purcell  that  spontaneous  emis¬ 
sion  is  not  inherent  to  an  emitter  but  can  be  changed  if  its 
electromagnetic  environment  is  modified  [1],  Optical 
microcavities  can  be  used  to  enhance  the  spontaneous  emis¬ 
sion  rate  as  they  can  dramatically  increase  electromagnetic 
density  of  states  (DOS)  with  respect  to  free  space  (also  known 
asthePurcell  effect).  This  effect  can  be  used  toimprovethe 
speeds  of  lasers  and  to  increase  the  fraction  of  spontaneously 
emitted  photons  that  are  coupled  into  a  single  cavity  mode 
(denoted  as  the  spontaneous  emission-coupling  factor  p), 
thereby  enabling  lasers  with  low  lasing  threshold  powers  [2], 
The  spontaneous  emission  rate  enhancement  is  directly  pro¬ 
portional  to  the  cavity  quality  factor  (Q)  and  inversely  pro¬ 
portional  to  the  cavity  mode  volume  (Vmoc|e).  In  recent 
years,  photonic  crystal  [3-4]  nanocavities  have  been  exten¬ 
sively  studied  for  spontaneous  emission  control  due  to  their 
very  large  Q/Vmoc|e  ratios  [5-6],  In  fact,  photonic  crystal 
nanocavities  have  been  explored  to  realize  low  threshold 
lasers  [7-9],  Unfortunately,  the  output  power  levels  of  such 
lasers  are  extremely  low  (a  few  nW ),  below  the  levels  needed 
for  many  practical  applications. 

To  overcome  these  problems,  we  recently  proposed  [10] 
and  experimentally  demonstrated  [11-12]  two-dimensional 
(2D)  coupled  photonic  crystal  (PhC)  nanocavity  array  struc¬ 
tures,  which  enable  very  large  density  of  optical  states.  We 
employed  them  to  improve  the  performance  of  photonic 
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crystal  lasers  [13],  such  as  improving  their  output  power  and 
reducing  threshold.  Our  experimental  results  are  summa¬ 
rized  in  this  paper. 

Iheoretical  Analysis  of  2D  PhC  Coupled 
Cavity  Arrays 

A  2D  coupled  nanocavity  array  is  formed  by  tiling  nanocav¬ 
ities  in  two  dimensions  inside  a  photonic  crystal,  such  as  a 
2D  PhC  slab  of  square  lattice  (Fig.  1).  W  hen  combined  into 
a  two-dimensional  network,  defect  modes  of  individual  cav¬ 
ities  form  coupled  defect  bands  located  inside  the  photonic 
bandgap  [10],  In  particular,  the  coupled  arrays  in  the  square 
lattice  photonic  crystal  exhibit  three  coupled  TE-like  bands: 
monopole,  dipole,  and  quadrupole.  Their  z-components  (the 
only  nonzero  components)  of  the  magnetic  field  at  the  center 
of  the  PhC  slab  are  shown  in  Fig.  2.  The  band  diagram 
shown  in  Fig.  2  issimulated  by  three-dimensional  finite-dif¬ 
ference  time-domain  (3D  FDTD)  method.  Since  the  unit  cell 
of  the  coupled  cavity  array  is  three  times  bigger  than  the 
unit  cell  of  the  original  square  lattice,  square  lattice  band 
diagram  is  folded  three  times  in  order  to  plot  it  together 
with  the  band  diagram  of  the  cavity  array  structure. 
Dielectric  and  air  bands  are  shaded  in  gray. 

The  coupled  dipole  bands  originate  from  the  doubly 
degenerate  dipole  mode;  two  sub-bands  corresponding  to  the 
coupled  x-  and  the  y-dipoles  split  away  from  ther  point  in 
theTX  direction,  while  one  degenerate  diagonal  dipoleband 
isobserved  in  theTM  direction.  By  being  linearly  polarized, 
this  band  is  useful  to  control  polarization  state  of  light.  In 
fact,  in  our  previous  works  we  used  it  for  construction  of 
miniaturized  polarizing  components  and  as  sensors  for 
refractive  index  changes  [11],  Conversely,  the  coupled 
quadrupole  band  isflat  (which  corresponds  to  large  DOS)  in 
all  crystal  directions,  as  it  originates  from  the  non-degener¬ 
ate  quadrupole  mode  with  a  large  in-plane  Q-factor  that  has 
four-fold  symmetric  radiation  pattern.  The  first  derivative  of 
the  dispersion  diagram,  co(k),  gives  the  group  velocity. 
Therefore  a  flat  band  corresponds  to  a  reduction  in  the  group 
velocity  of  light  and  a  consequent  increase  in  the  light-mat¬ 
ter  interaction  time.  Thus,  coupled  quadrupole  band  is  suit¬ 
able  to  build  lasers  with  very  low  threshold  powers. 

Measuring  Group  Velocity  Reduction: 

We  experimentally  demonstrated  the  predicted  group  veloc¬ 
ity  reduction  by  measuring  the  dispersion  diagram  of  the 
coupled  cavity  array  fabricated  in  silicon  (structures  shown 
in  Fig.  1  and  measured  band  diagram  in  Fig.  3).  The  size  of 
the  device  is  lOOpmxlOOpm  (consisting  of  3600  coupled 
nanocavities).  We  used  transmission  spectrum  with  plane 
wave  excitation  at  various  incidence  angles,  polarizations  and 
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wavelengths  to  determine  band  diagram,  and  were  able  to 
probe  half  of  the  TX  and  TM  directions  shown  in  Fig.  2 
[12].  Figs.  3a  and  3b  represent  the  measured  band  diagrams 
in  theTX  directions  for  x-  and  y-dipoles,  respectively.  The 
dark  blue  stripes  located  between  1545-1565nm  in  these 
figures  correspond  to  the  positions  of  the  coupled  dipole 
bands.  Asexpected  from  theory  (Fig.  2),  we  obtained  theflat 
x-dipole  band  and  the  non-flat  y-dipole  band  in  the  TX 
direction.  The  coupled  quadrupole  band  has  not  been 
observed  because  its  overlap  with  the  plane-wave  excitation 
is  zero  (but  we  have  been  able  to  observe  it  by  non-plane 
wave  excitation  [12]). 

Once  we  obtained  the  band  diagram,  we  could  estimate 
the  group  velocity  reduction  from  its  first  derivative.  As  it 
can  be  seen  from  the  measured  band  diagrams,  the  location 
of  the  x-dipole  mode  is  not  changing  at  different  k-points 
(tilt  angles),  which  indicates  that  the  group  velocity  should 
be  very  small.  However,  based  on  our  experimental  resolu¬ 
tion  in  the  tilt  angleand  frequency  we  set  an  upper  limit  for 
it  in  all  directions  to  be  below: 


i,  A  co  AX  1  ,.3 

l/9|m3x  =  _  =  __<8xl°  C 


where  A0=jt/18O  is  the  tilt  step  in  radians,  AX=0.2nm  is 
wavelength  resolution,  X=1564nm  is  the  resonance  wave¬ 
length  and  c  is  the  speed  of  light  in  vacuum. 


Coupled  Nanocavity  Array  Lasers 

By  fabricating  same  structures  in  an  active  material,  we  can 
build  lasers  with  significantly  improved  output  powers 
(resulting  from  coherent  cavity  coupling)  compared  to  single 
photonic  crystal  cavity  lasers,  but  with  comparablethreshold 
values.  An  illustration  of  such  a  laser  is  shown  in  Fig.  4a.  To 
demonstrate  lasing,  we  fabricated  nanocavity  arrays  in  InP 
laser  material  system  [13].  The  active  region  contains  four 
InGaAsP  quantum  wells  (QW  s)  with  a  peak  photolumines¬ 
cence  emission  wavelength  of  1560nm  (Fig.  5).  PhC  param¬ 
eters  are  the  free-standing  membrane  thickness  (d)  of 
280nm,  periodicity  (a)  of  500nm,  and  the  hole  radius  (r) 
tuned  from  160nm  to  230nm  to  change  the  resonance  fre¬ 
quency  of  cavities.  For  comparison,  single  cavity  lasers  are 
also  fabricated  on  the  same  chip,  with  the  same  parameter 
range  (Fig.  4c).  With  these  parameters,  the  quadrupole  mode 
frequency  calculated  by  FDTD  falls  within  the  gain 
linewidth. 

The  coupled  PhC  nanocavity  array  lasers  with  sizes 
~15(xm  are  optically  pumped  at  room  temperature  using  a 
confocal  microscope  with  0.6  N  A  objective  lens.  The  pump 
is  a  pulsed  diode  laser  at  808nm  (20ns  long  with  1%  duty 
cycle)  with  15-20(im  spot  size.  Emitted  light  is  coupled  to 
an  optical  spectrum  analyzer.  To  compare  the  performance  of 
the  coupled  cavity  array  lasers  to  that  of  single  nanocavity 
lasers  (with  size  ~4^m),  a  similar  setup  with  a  beam  spot 
size  of  ~5(xm  is  used.  Single  mode  lasing  is  observed  from 
coupled  nanocavity  array  lasers  (spectrum  is  shown  in  Fig. 
5).  The  lasing  wavelength  matches  that  of  the  phase-coupled 
quadrupole  mode  at  ther-point  calculated  by  FDTD. 

The  profile  of  the  lasing  modes  from  a  single  cavity  taken 
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Figurel.  SEM  pictures  of  thecoupled  nanocavity  array  structure  fabricated  in  silicon  on  insu  later.  T  he  parameters  of  the  fabricated  struc¬ 


tures  are  thePhC  periodicity  a  =  490  nm,  the  hole  radius  r  =  190nm,  the  slab  thickness  d  =  275  nm,  and  thecoupled  cavity  array  unit 
cell  dimensionsAxA  =  3ax3a  (i.e,  twoPhC  layers  are  inserted  between  tiled  nanocavities). 


Figure  2.  Band  diagram  of  2D  coupled  cavity  array  structure  (shown  in  Fig.  1)  for  TE- 
like  modes  D  i electric  and  air  bands  of  the  original  square  lattice  are  folded  three  times 
separately  in  rX,  X M  and  rM  and  shaded  in  gray.  Magnetic  field  pattern  along  thez- 
di recti on  for:  (a)  quadrupde  mode  at  X  point;  (b)  quadrupole  mode  at  M  pant;  (c)  mono- 
pde  mode  at  r  pant;  (d)  x-dipde  mode  at  X  pant.  U nit  ceff  in  real  space  and  location  of 
high  symmetry  pants  in  thereaprocal  space  are  also  shown  in  the  inset. 


with  an  infrared-camera  is  shown  in  Fig. 
6a.  It  clearly  shows  the  four-fold  symme¬ 
try  of  the  quadrupole  mode.  At  the  center 
of  the  square,  there  is  a  strong  field  local¬ 
ization,  corresponding  to  the  location  of 
the  single  defect.  The  radiation  profile  is 
simulated  by  the  FDTD  method,  by  cal¬ 
culating  the  time  averaged  Poynting  vec¬ 
tor  in  the  vertical  direction.  The  radiation 
patterns  at  a  plane  ~l|im  above  the  struc¬ 
ture  is  very  similar  to  the  experimentally 
measured  field  patterns.  Due  to  poor  sen¬ 
sitivity  of  the  IR-camera,  it  was  difficult 
to  observe  far  field  emission  pattern  of  the 
lasers  made  in  InP.  Flowever  with  same 
laser  structures  fabricated  in  GaAs  (with 
emission  wavelength  at  940nm)  we  have 
been  able  to  capture  far  field  pattern  with 
highly  sensitive  silicon  camera  (Fig.  6b). 
The  pattern  clearly  demonstrated  coher¬ 
ently  coupled  lasing  action.  H  ere,  the  las¬ 
ing  occurred  from  dipole  mode  due  to  bet¬ 
ter  overlap  of  dipole  band  with  the  gain 
medium. 

Coupled  nanocavity  array  lasers  with 
different  r/a  ratios  have  been  tested  and 
Fig.  7a  shows  the  measured  light- 
out/light-in  (LL)  curve  of  one  of  them 
(blue).  We  have  observed  single-mode 
lasing  at  1534nm  with  a  threshold 
peak  pump  power  of  ~2.4mW.  Several 
single  cavity  structures  with  different 
r/a  have  also  been  tested.  The  LL-curve 
of  one  of  them  (with  r/a=0.4)  is  shown 
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Figure3.  (a)  The  measured  coupled  x-dipde  band  diagram  in  theTX  direction  (from  the  transmission  spectrum )  of  the  cavity  array  Struc¬ 
ture  from  Fig.  1.  T he  dark  blue  stripe  is  the  location  of  the  coupled  band.  T he  horizontal  axis  is  the  tilt  angle  of  the  sample  relative  to  exci¬ 
tation  beam,  which  corresponds  to  different  kx-values;  thevertical  axis  is  the  wavelength.  The  insets  show  thetransmission  spectrum  atOtilt 
(at  the  r  point),  and  the  magnetic  field  (Bz)  pattern  of  the  coupled  x-di  pole  mode  at  the  X  -point,  (b)  The  measured  band  diagram  forthecou- 
pled  y-dipcle  band.  T he  inset  shows  the  magnetic  field  (Bz)  pattern  at  theX  point. 


Figured  (a)  Schematic  configuration  of  the  coupled  photonic  crystal  nanocavity  array  laser  structure  (b)  SEM  pictures  of  a  fabricated  si  n- 
glePhC  cavity  laser  and  a  coupled  PhC  cavity  array  laser  in  InG  aAsP -based  material.  Thecoupled  array  consistsof  81  cavities  (9x9)  with 
two  layers  of  photonic  crystal  in  between. 


in  Fig.  7  (red).  The  parameters  of  this  cavity  and  therefore 
the  emission  wavelength  at  1543nm  are  quite  similar  to 
thecoupled  cavity  array  laser.  The  threshold  peak  pump 
power  of  the  single  cavity  laser  is  around  ~320(xW.  The 
measured  lasing  threshold  of  coupled  photonic  crystal 
nanocavity  arrays  is  about  10  times  larger  than  for  a  sin¬ 
gle  cavity.  On  the  other  hand,  the  measured  20-fold 
increase  in  differential  quantum  efficiency  (DQE,  defined 
as  the  slope  of  the  LL-curve  above  threshold  [14])  of  the 
cavity  array  is  larger  than  the  increase  in  threshold, 
implying  that  a  higher  output  power  can  be  extracted  per 
nanocavity  in  a  coupled  cavity  array  laser  in  comparison 


to  a  single  nanocavity  laser.  In  fact,  the  maximum  power 
achieved  from  our  coupled  cavity  array  laser  is  greater 
than  12  pW,  which  is  about  100  times  larger  than  a  sin¬ 
gle  cavity  laser  (Fig.  7a). 

Coherent  coupling  of  VCSELs  has  also  been  previously 
investigated  to  improve  laser  output  powers  [15-17], 
FI  owever,  since  it  is  very  challenging  to  control  the  unifor¬ 
mity  of  the  VCSEL  arrays  and  the  coupling  between  indi¬ 
vidual  lasers,  phase-locked  lasing  is  only  observed  from  small 
number  of  coupled  VCSELs  [16].  With  photonic  crystal 
nanocavity  arrays,  we  can  control  both  the  uniformity  and 
thecoupling  very  precisely.  Asweindicated  above,  in  silicon 
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indicating  that  the  cavity  effects  in  pho¬ 
tonic  crystal  are  significant  [14]. 
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Figure  5.  Spectrum  of  the  coupled  cavity  array  laser  with  a  peak  at  1534nm.  T he  inset  on 
the  left  shows  the zoomed-in  portion  ofthespectrum  fitted  with  a  Lorentzian  (green  dashed 
curve)  of  0.23nm  linewidth.  T he  inset  on  the  right  shows  the  Q  W  photoluminescence  from 
unprocessed  wafer  (QWs  shown  on  theSEM  image). 


Figure6.  (a)  ThelR-camera  image(left)  and  the  simulated  time-averaged  Poynting  vec¬ 
tor  in  the  vertical  direction  (right)  of  the  lasing  mode  for  a  single  cavity  laser.  T he  size  of 
the  structure  is  indicated  by  the  dashed  square  (b)  Far  field  image  of  a  coherently  coupled 
nanocavity  array  laser.  T he  size  of  the  cavity  array  laser  is  indicated  by  dashed  square 


we  have  able  to  construct  very  uniform  structures  consisting 
of  3600  coupled  PhC  nanocavities  [12].  Moreover,  in  our 
laser  each  cavity  occupies  an  area  of  only  1.5|im2  (much 
smaller  than  atypical  VCSEL),  implying  that  an  ultra-dense 
packing  is  achievable  with  coupled  PC  nanocavities  lasers, 
which  can  also  enable  higher  output  powers. 

By  fitting  laser  rate  equations  with  the  typical  bulk 
InGaAsP  QW  parameters  [18]  to  the  measured  LL-curves 
(Fig.  7b),  we  obtain  a  range  of  (3  values  [0.09-0.15]  and 
[0.05-0.09]  for  single  and  coupled  cavity  array  laser,  respec¬ 
tive!  y.  T  hese  val  ues  are  al  ready  two  orders  of  magnitude  high¬ 
er  than  those  of  VCSELs,  which  is  typically  less  than  10"3, 


Laser  Differential  Quantum 
Efficiency  Improvement 

Although  we  have  81  available  cavities 
in  the  array,  it  is  expected  that  not  all  of 
them  are  lasing  together,  due  to  fabrica¬ 
tion  imperfections.  In  order  to  estimate 
the  number  of  coherently  coupled  cavi¬ 
ties,  nc,  we  have  solved  rate  equations 
[14]  for  nc  changing  from  10,  40  to  70 
and  compare  them  with  the  solution  for 
a  single  cavity  laser  (Fig.  7b).  In  equa¬ 
tions,  we  set  the  ratio  of  pumped  active 
volume  (Va)  of  the  cavity  array  to  that  of 
a  single  cavity  as  10,  which  is  estimated 
from  the  size  of  the  pumping  beam. 
W  hen  we  compare  the  experimental  and 
theoretical  curves  shown  in  Fig.  7a  and 
7b,  respectively,  we  estimate  that  a 
majority  of  available  81  cavities  is  actu¬ 
ally  coherently  coupled. 

The  reason  for  the  DQE  improve¬ 
ment  in  coupled  cavity  array  laser 
comes  from  two  effects  [13].  First  one 
is  due  to  cavity  effects.  Because  of  non- 
negligible  (3  values,  an  increase  in 
Vmode  reduces  the  loss  and  thus 
increases  DQE.  Second  effect  comes 
from  more  efficient  pumping.  In  PhC 
nanocavity  array  lasers,  the  pumped 
active  volume  Va  increases  slower  than 
the  mode  volume  Vmoc|e  with  an 
increase  in  the  number  of  cavities. 
FI  ence,  the  ratio  V mQde^Vg  is  larger  for 
nanocavity  array  laser  than  for  a  single 
PC  cavity  laser,  leading  an  increase  in 
DQE.  This  gives  a  better  overlap 
between  the  pumped  area  and  the  cavi¬ 
ty  mode.  In  a  single  PC  cavity  laser,  it 
is  extremely  difficult  to  pump  only  the 
central  cavity  region,  and  the  pump 
also  generates  carriers  inside  the  mir¬ 
rors,  which  do  not  couple  to  the  lasing 
mode;  hence  PhC  cavity  laser  is  not 
pumped  efficiently.  On  the  other  hand,  in  a  coupled  PhC 
cavity  array  laser  one  can  pack  larger  number  of  lasers 
more  efficiently  by  reducing  the  space  used  as  mirrors, 
and  the  overlap  between  the  pumped  region  and  the  cav¬ 
ity  mode  is  better. 

Conclusion 

In  conclusion,  we  have  proposed  2D  coupled  photonic 
crystal  nanocavity  arrays,  and  experimentally  demonstrat¬ 
ed  their  band  diagram,  confirming  flat,  coupled  defect 
bands  with  group  velocities  below  0.008c.  We  have  used 
this  structure  to  improve  the  output  power  of  photonic 
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crystal  lasers.  By  coherently  coupling  photonic  crystal 
nanocavity  lasers  in  ultra-dense  arrays,  we  have  shown 
that  the  differential  quantum  efficiencies  can  be  improved 
dramatically,  without  sacrificing  the  low  lasing  thresh¬ 
olds  of  single  PhC  nanocavity  lasers.  We  have  measured 
peak  output  powers  from  the  PhC  laser  array  that  are 
more  than  two  orders  of  magnitude  higher  than  in  a  sin¬ 
gle  PhC  cavity  laser.  Output  powers  comparable  to  con¬ 
ventional  single  modeVCSELs,  but  at  much  lower  thresh¬ 
old  pump  powers,  can  be  achieved  by  coupling  even  larg¬ 
er  numbers  of  PhC  cavities.  We  expect  that  such  struc¬ 
tures  can  also  be  directly  modulated  at  high  speeds,  as  a 
result  of  a  strong  localization  of  light  [2],  implying  that 
coupled  nanocavity  arrays  can  be  an  effective  way  to 
achieve  high  power  and  high-speed  single  mode  laser 
sources. 
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